Robertsonian translocations are the most common structural dicentric rearrangements in humans. The stability of these dicentrics is attributed to the inactivation of one centromere by mechanisms which are currently unknown. The presence and amounts of centromeric proteins (CENPs) differ between the centromeres of the few dicentrics which have been studied, providing a limited understanding of the protein components necesssary for centromeric function. However, CENP-C previously has been observed only at the active centromeres in two dicentric chromosomes. In the present investigation, the presence and localizations of several centromeric antigens, CENP-B, -C and -E, have been determined in 12 dicentric Robertsonian translocations. Each translocation was studied initially using in situ hybridization with a-satellite DNA probes to determine the active centromere. Subsequent immunofiuorescence of monoclonal and polyclonal antibodies generated to various centromeric antigens demonstrated that the protein composition differs at the two centromeres of these dicentric translocations. While CENP-B was present at both active and inactive centromeres, CENP-C and -E were located at active centromeres only in the majority of translocations. These results confirm previous observations of CENP-C at active centromeres and provide the first evidence that CENP-E correlates with active centromeres as well, demonstrating that at least two specific centromeric proteins are required for human centromeric function.
INTRODUCTION
The centromere participates in many essential aspects of chromosome structure and movement. It is the point for sister chromatid attachment and pairing until anaphase and the site of kinetochore formation, the structure which sustains microtubule interactions (I-3). Several structural and functional centromeric proteins (CENPs) have been identified through the use of autoimmune sera from CREST patients (calcinosis, Raynaud's phenomenon, esophageal dysmotility, sclerodactyly, telangiectasia) who produce autoantibodies to CENPs-A, B and C (4). CENP-B (80 kDa) is the only antigen which specifically binds DNA of the primary constriction. It associates with a-satellite DNA in vivo (5) , specifically recognizes a 17 bp sequence motif (CENP-B box) within certain a-satellite monomers and is present in varying amounts at each human centromere (6) (7) (8) . CENP-A (17 kDa) also localizes to the centromere and is a H3 histone variant, which is thought to displace histones within the nucleosomal structure of centromeric chromatin (9, 10) . It is unclear if CENP-A contributes to centromere function by recognition of a specific DNA sequence or a particular chromatin structure. CENP-C is a 140 kDa polypeptide which is a component of the inner kinetochore plate and is essential for proper kinetochore assembly (11, 12) . It has been shown to bind DNA, although a specific target sequence has not been identified (13) . CENP-C has been shown to be present at the active centromeres of two dicentric chromosomes, leading to the proposal that it is an essential component of functional centromeres (14, 15) . CENP-E (312 kDa), a 'chromosomal passenger' protein (16) , is transiently associated with the kinetochore and is undetectable prior to metaphase (17, 18) . This kinesin-like motor protein has been localized to the outer kinetochore plate, the site of microtubule attachment to the centromere and it has been shown to stabilize the spindle by crosslinking overlapping microtubules at the midzone (19) . Its presence at inactive centromeres has not been previously examined.
Some dicentric chromosomes are unstable (20, 21) ; however, consistent transmission of dicentrics has been well documented in humans and other organisms (14, 15, (22) (23) (24) (25) (26) (27) (28) . Robertsonian translocations are the most common structural chromosome abnormality in humans. At least 90% are dicentric, the result *To whom correspondence should be addressed of short arm fusions between acrocentric chromosomes. It is presumed that one of the centromeres of a dicentric chromosome is inactivated or suppressed, rendering the chromosome functionally monocentric (29) , although the precise mechanism of inactivation is unknown. Both centromeric regions typically demonstrate C-bands, but only the centromere located at the primary constriction is considered active. Morphologically, then, the centromeric regions of a dicentric chromosome differ. Only a few cases of centromeric inactivation in dicentric chromosomes have been attributed to major variations of DNA content, such as centromeric deletions, (30) (31) (32) . Therefore, other features of centromeric DNA must influence or initiate centromere inactivation.
Fewer than 20 dicentric chromosomes have been studied for the presence of centromeric proteins. CREST antigens were detectable only at the active centromeres in three of five iso(X) and two t(X;Y) (31, 33, 34) . In contrast, CREST antigens were detected at both active and inactive centromeres of the remaining two isodic(X), two isodic(Y), three inv dup (15) and a few other nonhomologous dicentric translocations (34) (35) (36) (37) (38) . Several cases showed centromeric staining with CREST antibodies that was variable at the unconstricted centromeres (34, 36, 37) , often two to five times less intense (based on computerized image analysis) (14) . These results indicate that some inactive centromeres retain the ability to bind certain centromeric antigens, although not as efficiently as or to a lesser degree than active centromeres.
To correlate differences in the presence of CENPs at the centromeres of Robertsonian translocations with centromeric activity, 12 dicentric translocations were analyzed by immunofluorescence of CREST antibodies and monospecific antibodies to CENP-B, -C and -E. Our results show that CREST antigens and CENP-B usually bind centromeres regardless of their functional states; however, CENP-C and CENP-E selectively bind to active centromeres only. Additionally, we provide evidence for the occurrence and stable transmission of chromosomes with two active centromeres.
RESULTS
Each translocation was studied by FISH and immunofluorescence following standard cytogenetic analysis by GTG-banding. The active centromeres of the 12 dicentric translocations of this study were initially identified by fluorescence in situ hybridization (FISH) with a-satellite DNA probes (39) . Briefly, at least 50 metaphases were analyzed using two color FISH, with active centromeres identified as condensed fluorescent signals located at primary constrictions. To more precisely determine centromeric activity, immunofluorescence of centromere-specific antibodies was performed in combination with in situ hybridization of a-satellite DNA probes, which aided the identification of translocation chromosome. Initially, CREST serum (autoantibodies to CENP-A, CENP-B and CENP-C) was used to observe the cumulative presence of centromeric proteins of each translocation chromosome. These 12 dicentric translocations were examined for the presence of specific centromeric antigens, using monospecific antibodies to CENP-B, -C and -E (Table 1) . In most cases, cell suspensions from fibroblast, amniocyte and lymphoblastoid cultures were cytocentrifuged on to clean microscope slides. This method allowed for adequate spreading of metaphase chromosomes, with some loss of chromosome morphology occurring during the centrifugation process. After antibody detection, antibodyantigen complexes were cross-linked with formalin and cells were subsequently fixed with methanol and acetic acid before proceeding with in situ hybridization.
CREST antigens
Eleven different dicentric translocations were studied with CREST antibodies and seven demonstrated distinct staining at both centromeres (Table 1 , Figs 1A and 2A) . In six translocations, CREST staining was noticeably less intense or morphologically different at the presumably inactive centromere (data not shown). Four cases showed CREST staining at one centromere only (Table 1 , cases 7-10; data not shown). Although cases 8-10 showed CREST staining at one centromere only, two a-satellite regions were easily distinguishable by FISH. In these three translocations, the inactive centromere apparently was not associated with detectable CREST antigens. By FISH, case 7 appeared to have closely located centromeres, making it difficult to determine which centromere, if either, was inactive. It was initially hypothesized that the centromeres were acting cooperatively due to proximity, yielding a 'hybrid' centromere. As only one area of CREST staining was observed, this initial interpretation appeared to be confirmed. However, subsequent analysis of case 7 with the monospecific antibodies indicated that the 14 centromere was the active centromere (see below and Table 1 ). Case 1 was not studied with CREST antibodies due to limited sample material.
CENP-B
CENP-B specifically binds a-satellite DNA, so it was expected to be present at both centromeres of the dicentric translocations. Indeed, nine of 12 translocations studied with the CENP-B polyclonal antibody showed staining at both centromeres (Table  1 , Figs IB and 2B). The other three translocations (Table 1,  cases 8-10) , however, demonstrated a fluorescent antibody signal at only one centromere (data not shown). It should be noted that, for the most pan, the pattern of staining (i.e. number of antibody signals) of CENP-B antibodies was correlated with that of the CREST antibodies. Such similar staining was expected, as CENP-B is recognized by -100% of CREST sera, while CENP-A and CENP-C are recognized by a lower percentage of patient sera (33) .
CENP-C
Of 12 translocations examined, CENP-C was detected at only one centromere in 10. The centromere at which the antibody was observed corresponded to that centromere which had been originally identified as active (constricted) by in situ hybridization (Table 1 ; Fig. 1C ). In two other translocations ( Table 1 , cases 11 and 12), a small proportion of cells showed antibody at one centromere only, while in a larger percentage of cells, CENP-C was detected at both centromeres ( Fig. 2C ).
In case 11, CENP-C was present at one centromere in 30% of the cells (28% at the chromosome 14 centromere and 2% at the chromosome 13 centromere; Table 2 ). In the other cells (70%), CENP-C antibodies stained both centromeres. The staining in these latter cells was visibly different in intensity and/or morphology (i.e. amount of space between antibody signals) at the two centromeres. The antibody signals were closely located at the chromosome 14 centromere, while at the 13 centromere, the signals were spaced much further apart (data not shown). In case 12, 94% of the metaphases analyzed showed CENP-C at both centromeres (Table 2 ). In approximately half of these cells, the antibody signals were of similar intensity and morphology at the two centromeres, while in the remaining cells, the staining at each centromere was unique. The differential staining (i.e. antibody 'double dots' closer at one centromere) was observed at the 13 and 15 centromeres with approximately equal frequency. CENP-C was detected at only one centromere of this 13/15 translocation in a small proportion of cells. Six percent of the cells containing a translocation in the monocentric configuration showed CENP-C at the chromosome 15 centromere. No 13 centromeres were found with CENP-C staining. These data indicate that the translocations in cases 11 and 12 are dicentric chromosomes with two active centromeres and that chromosomes with two functional centromeres can be relatively stable.
CENP-E
CENP-E was detected at a single centromere in 10 of 12 translocations (Table 1) . Its location corresponded to the same centromere at which CENP-C antibody staining was observed (Fig. ID) . Therefore, because CENP-E has a known role in centromere function, its presence at a centromere was equated with activity. Case 11 again showed differential staining of the centromeres ( Table 2 ). The majority of cells (44%) showed staining at both centromeres with the CENP-E antibodies.
Only 4% of these cells demonstrated noticeable differences in antibody staining between the two centromeres. CENP-E was located at only one centromere, primarily the 14 centromere, in 36% of the metaphases analyzed. Interestingly, while no karyotypically normal cells had been observed in the CENP-C analysis, 20% of the cells examined with anti-CENP-E antibodies did not contain a translocation chromosome. The majority (71%) of the translocation chromosomes analyzed from case 12 showed CENP-E at both centromeres (Fig. 2D) , although some cells showed a single antibody signal at chromosome 13 (7%) or chromosome 15 (22%) centromeres (Table 2 ). Most cells demonstrated nearly identical staining of CENP-E antibodies at both centromeres (80%), while the remaining 20% showed variable antibody dots, which were more widely spaced or less intense at one centromere. This variability in staining occurred at the 13 and 15 centromeres with equal frequency. Thus, these data further support that the translocations segregating in most of the cells in cases 11 
DISCUSSION
In the present study, we have shown that specific differences in CENPs exist between the centromeres of stable, dicentric Robertsonian translocations. Although CENP-B was present at both inactive and active centromeres, CENP-C and -E were detected only at one of the two centromeres of the dicentrics in the majority of cases. As both antigens and particularly CENP-E, are known kinetochore components (11, 12, 18, 40) , they can be considered essential for centromere function.
Confirmation of previous designation of centromeric activity by FISH
The immunofluorescence results using monospecific antibodies to CENP-C and CENP-E confirm the initial identification of active centromeres using FISH with a-satellite DNA probes (Table 3 ) (39) . In this previous study, a hierarchy of centromeric activity in dicentric Robertsonian translocations was proposed. This hierarchy was based on the observation that certain acrocentric centromeres are preferentially active in Robertsonian translocations. In most cases, the presence of CENP-C and -E correlated with the centromeres which had been designated active by FISH, thus confirming our prior identification of active centromeres based on chromatin condensation and supporting the centromeric hierarchy.
Correlation of CENP-E with functional centromeres
Theoretically, a functional centromere should be associated with a functional kinetochore. CENP-C has been shown to be localized to the inner kinetochore and is necessary for proper kinetochore size and assembly (11,12). Its presence at the active centromere of a dicentric chromosome previously has been demonstrated (14, 15) . However, the direct role of CENP-C in kinetochore assembly is unknown, as are the precise DNA sequence(s) to which it binds (13) . CENP-E is a kinesinlike motor protein (18) which has been shown to specifically bind microtubules, to stabilize the spindle by crosslinking microtubules and to influence and perhaps direct, chromosome movement in vitro (19, 40) . Therefore, it may be a more likely indicator of centromere function. The majority of Robertsonian translocations examined with CENP-E antibodies showed the presence of this antigen at a single centromere. Although CENP-C has been proposed to correlate with active centromeres and was also present at the same centromeres as CENP-E, its unknown role in centromere structure and function limits interpretation of the immunocytogenetic data. Our results confirm a functional kinetochore at only the active centromere of dicentric Robertsonian translocations based on the presence of CENP-E antibodies and thus, directly correlate CENP-E with centromere function.
'Stable' dicentric chromosomes with two active centromeres The translocations in cases 11 [t(13ql4q)] and 12 [t(!3ql5q)]
were of particular interest, as they evidently represent dicentric chromosomes which demonstrate significant meiotic and mitotic stability. While neither translocation exhibited a dicentric configuration (i.e. two constrictions) in every cell, two, distinctly located constrictions at which both CENP-C and CENP-E where present were usually found, particularly in case 12 ( Fig. 2C and D) . The expected consequence of chromosomes possessing two active centromeres would be an increased frequency of abnormal segregation (5, 20, 41, 42) . In situ analysis of case 12 showed that only a small percentage (4.5%) of cells lacked the translocation chromosome. The translocation apparently behaved as an unstable dicentric in only a few of these cells, while more frequently it segregated normally. Metaphase FISH analysis (50 cells) of case 11 did not show evidence of abnormal chromosome segregation. Most (60%) metaphase cells demonstrated constriction of the chromosome 14 centromere, although in 28% of the cells analyzed, both centromeres appeared constricted. Still, the chromosome 13 centromere, by FISH or DAPI staining, never appeared as condensed as the 14 centromere. By immunofluorescence, CENP-C and CENP-E were detected only at the chromosome 14 centromere in 28% of the cells and at the chromosome 13 centromere in only a few percent. Interestingly, a few karyotypically normal cells (46,XY) lacking a translocation were detected in several independent assays for CENP-E, yet not in the FISH or CENP-C assays. It is possible that these 'normal' cells are the result of translocation chromosome breakage by centrifugal forces. However, metaphases from this cell line were prepared in the same manner (cytocentrifugation) for analysis with each of the monospecific antibodies. It may be that the population of karyotypically normal cells found using the CENP-E antibodies represent occasional, rare products of abnormal segregation undetected in the FISH or CENP-B or -C assays.
The translocations of cases 11 and 12 represent 'exceptions to the rule', as the other dicentric Robertsonian translocations in this study demonstrated a single, consistently active centromere. Yet, why are these two translocations relatively stable if they both appear to have two functional centromeres? Perhaps another, yet unidentified, protein contributes to centromere function and is present at only one of the centromeres of these two translocations. Although both centromeres appeared to be active in these two cases, one of the centromeres may be functionally 'weaker', unable to recruit CENPs as efficiently as the other centromere, due to DNA sequence differences (i.e. fewer CENP-B boxes or target sequences for CENP-A or CENP-C), fewer microtubule associations (as a result of decreased association with CENP-C and/or other kinetochore assembly proteins), or its specific chromatin conformation. The resulting centromere/kinetochore complex at the 'weaker' centromere may not be completely assembled, negating function and ultimately allowing the translocation to behave as a monocentric chromosome. Case 11 may support this hypothesis, as CENP-C antibody staining was observed primarily at both centromeres, yet the 'double dot' staining at the chromosome 13 centromere was noticeably less intense and more widely spaced than at the 14 centromere (data not shown). This is the first evidence of a variable amount or accessibility of CENP-C at centromeres. It has been observed previously in uniform amounts in all chromosomes, as expected of a consistent kinetochore structure (14) . Only one other dicentric translocation has been reported with kinetochores and spindle attachments at both centromeres (38, 43) . This chromosome exhibited dicentric and monocentric configurations, with microtubule attachments observed in either con-formation. It was suggested that while both centromeres can attach to the spindle, one may lack motor function. Case 12 may represent another such translocation.
Centromere proteins and the primary constriction
Differences in the presence of certain centromere proteins were observed at the centromeres of the the majority of dicentric Robertsonian translocations studied. CENP-B binding did not discriminate between the activity of the two centromeres of the dicentrics. The CENP-B antibodies often stained the inactive centromere less intensely, probably reflecting differences in the number of CENP-B boxes within the a-satellite arrays or the availability of the DNA to allow binding of CENP-B. Residual or decreased amounts of both CENP-C and CENP-E were not detected at the nonfunctional centromeres of cases 1-11. However, case 11 raises at least two questions: Is CENP-C absolutely representative of a functional centromere, and does centromeric activity always correlate with a primary constriction? A higher proportion of cells showed CENP-C (70%) at both centromeres than CENP-E (44%) (data not shown). In almost half of these cells, CENP-C antibodies were located at both centromeres, more widely spaced and/or less intense at one of the centromeres. This observation suggests, first, that the presence of CENP-E is independent of CENP-C, second, that CENP-C, at least in some of the cells of cases 11 and 12, does not always correlate with a primary constriction and third, that the primary contributions of CENP-C and CENP-E probably are to kinetochore assembly and function and not the induction of a centromeric constriction. More importantly, the presence of essential protein components at decondensed centromeres suggests limitations of unequivocally scoring centromeric activity at the levels of light and fluorescent microscopy, perhaps calling for redefinition of the current cytogenetic identification of an active centromere.
On the nature of 'inactive' centromeres Still, there clearly must be differences between the centromeres which allow only one to assemble a complex of essential centromeric proteins. While DNA sequence and array size may influence the process of centromeric inactivation, chromatin conformation seems to be a key factor. The lack of a primary constriction at the presumed inactive centromere in most dicentric chromosomes supports the alteration of chromatin structure in the process of activation. The change in chromatin structure is more likely a result of centromeric activation than its cause, as CENP-B is present at both functional and nonfunctional centromeres. CENP-B has been proposed to alter solenoid structure by juxtaposing two CENP-B boxes, an event which may achieve, or initiate, the necessary chromatin conformation of a functional centromere (44, 45) . Therefore, other centromeric proteins must be involved in inducing changes in chromatin structure at the active centromere. CENP-A, which is highly homologous to nucleosomal core histone H3, or perhaps another currently unidentified centromeric DNA-binding protein, may be instrumental in the packaging of centromeric DNA into a specialized structure, tagging it as a functional centromere and thus allowing other CENPs to initiate or continue the assembly of the centromere/kinetochore complex. Indeed, it has been shown that CENP-A localizes to centromeres independent of CENP-B, suggesting that CENP-A directly recognizes DNA and may initiate assembly of the centromere (10) .
In summary, this immunomolecular cytogenetic study provides more conclusive evidence that dicentric chromosome stability is most likely attributed to functional inactivation of one of the two centromeres. We show that CENP-E is directly correlated with active centromeres. The binding of CENP-C and -E, observed at functional centromeres only, is independent of CENP-B, which does not discriminate between active and inactive centromeres. It is still unclear how centromeric inactivation occurs and in light of the centromeric hierarchy, it is intriguing that certain centromeres are more often active than others. Further studies investigating the centromeric localization, target sequences or structures and effects on chromatin structure of other proteins, such as CENP-A (10, 46) and CENP-F (47, 48) , should provide insight into the discriminating factors between the centromeres of dicentric chromosomes and the mechanism of centromere inactivation.
MATERIALS AND METHODS

Initial identification of active centromeres using FISH
Chromosomes were harvested from leukocyte, lymphoblast, amniocyte and chorionic villus cultures of patients with different Robertsonian translocations using standard methods (49, 50) . Metaphase preparations from each patient were initially hybridized with biotinylated and digoxygenin labeled a-satellite DNA probes for the two acrocentric chromosomes of the translocation. Differentiation of active centromeres was based on fluorescent signals located at the primary constriction, while inactive centromeres were considered those with decondensed or split fluorescent signals (39) .
Immunofluorescence with antibodies to centromeric proteins (CENPs)
CREST antibodies (patient GS: antibodies to CENP-A, CENP-B and CENP-C) were generously provided by Dr William Earnshaw (Johns Hopkins University, Baltimore, MD) and also obtained from Chemicon/Antibodies, Inc. (Temecula, CA). Polyclonal antibodies to CENP-B (6) and CENP-C (II) were also obtained from Dr Earnshaw. Monoclonal antibodies to CENP-E (17) were provided by Dr Tim Yen (Philadelphia, PA). As only unfixed cells fully retain the epitopes of the centromeric antigens, it was necessary to obtain unfixed metaphase preparations which maintain chromosome morphology. Both monolayer or suspension cultures of cells were used for immunofluorescence. Several techniques were applied to the preparation of metaphase chromosomes for antibody detection. The method of Earnshaw el al. (1989) was followed, until our own harvesting technique was developed. This modification generated a larger number of high-quality metaphase chromosomes from suspension cultures for CREST analysis. Lymphoblastoid cells were grown on polylysine-coated slides and harvested as monolayer cell cultures. For the visualization of CENP-C and CENP-E. a modification of the technique of Page et al. (1995) was used (see below).
Anticentromere antibody (CREST) assay on attached cells
A T-25 or T-75 flask was split and the cell suspension placed on EtOH-flamed 22 mm 2 coverslips or 24X60 mm slides (uncoated or polylysine-coated). Coverslips/slides were filled so that the cell suspension did not overflow and were left at least 1 min at room temperature to allow for cell attachment to the glass. Three milliters of RPMI 1640 complete media or AmnioMax (Gibco-BRL) were added to Petri plates containing coverslips and 6 ml to Petri plates containing 24X60 mm slides. Cells were grown for 24-48 h or until 60-70% confluent, treated with 0.05 ng/ml colcemid (Gibco-BRL) at 37°C for 1-1.5 h, then swollen in hypotonic solution (1 part 0.075 M KG: I pan 0.8% Na citrate: 1 part dH 2 O) at room temperature for 25 min. Chromosomes were 'slow-fixed' for 2 min by adding fresh 3:1 methanol/ acetic acid fixative to Petri plates containing hypotonic solution. The fixative/ hypotonic solution was aspirated and slides or coverslips overiayed with fresh fixative for 5 min. Coverslips and slides were dried slowly by alternating steam (holding Petri plates over a 50-70°C waterbath) and drying on a moist towel placed on a 37°C hot plate.
Coverslips/slides were immersed in PBS-azide (10 mM NaPO 4 . pH 7.4, 0.15 M NaCI, I mM EGTA, 0.01% NaN 3 ) for 10-15 min to rehydrate the cells, then washed three times in TEEN buffer (1 mM triethanolamineiHCI, pH 8.5, 0.2 mM NaEDTA, 25 mM NaCI, 0.1% Triton X-100, 0.1% BSA). Non-specific binding of the antibody was minimized by blocking the cells for 15 min in the dark in 3% BSA in PBS (136 mM NaCI, 2 mM KCI, 10.6 mM Na 2 .HPO 4 , 1.5 mM KH 2 PO 4 , pH 7.3). Diluted antibody (1:1000-1:5000 in PBS) was added to coverslips or slides, which were then incubated for 30 min at 37°C. Following three washes in 1 XPBS (no azide), the antibody was detected using fluorescein-conjugated goat antihuman IgG (diluted (1:50-1:200 in PBS) for 30 min at 37°C. Three more washes in PBS were performed before chromosomes were counterstained with DAPI (0.2 jig/ml) or PI/AF (0.6 (ig/ml) and visualized with an epifluorescence microscope or confocal or CCD imaging system.
Visualization of CREST, CENP-C, CENP-E and a-satellite DNA
The protocol of Page el al. (1995) , with modifications, was used to assay for CENP-B, -C, -E and, in some of the translocations, CREST antigens. Actively dividing cells were incubated at 37°C with ethidium bromide (5 mg/ml) for 1 h (optional; used mainly for translocations whose two centromeres were very close together), followed by a colcemid block (0.03 mg/ml) for 1-2 h. The concentration of lymphoblastoid cells was adjusted to ~1.8X 10 s cells/ml in prewarmed (37°C) hypotonic solution (0.075 M KCI) and cells were incubated at room temperature for 12 min. Fibroblasts and amniocyles were diluted to a concentration of -0.8 X 10
5 cells/ml in 1:1:1 hypotonic (v/v/v: 0.8% Na citrate: 0.075 M KCI: dH 2 O) and incubated al room temperature for 15 min. One-half millililer aliquots (single chamber funnels) or 300 ml aliquots (per side of double chamber funnels) were centrifuged on to clean microscope slides using a Shandon Cytospin 3 (Shandon, Inc.) at 1900-2000 r.p.m. for 10 min. The slides were immediately placed in KCM buffer [ 120 mM KCI, 20 mM NaCI, 10 mM Tris-HCl, pH 7.7, 0.1% (v/v) Triton X-100] for 10-15 min. Slides were stored in I XPBS or KB" (10 mM Tris-HCl, pH 7.7, 0.15 M NaCI, 0.1% BSA) at 4°C until use. Diluted antibody [1:100 (GS/CREST ab); 1:1000 (CENP-B antibody pB4); 1:1000 (CENP-C antibody pCNCPcc Rabbit 418); 1:450 CENP-E antibody mAbl77 (mouse monoclonal) or I: 1000 pAbl (rabbit polyclonal)] in TEEN buffer was added to the target area, followed by a 30 min incubation at 37°C. Slides were washed for 2, 5 and 3 min, respectively, in KB" at room temperature. CENP-B and CENP-C antibodies were detected by incubation with FITC-conjugated goat antirabbit IgG secondary antibody (1:100 in KB") for 30 min at 37°C. CENP-E antibodies were detected using biotinylated antimouse antibodies, followed by fluoresceinated avidin (18) . In some instances, to identify translocation chromosomes prior to in situ hybridization, double immunofluorescence (CENP-B and -E or CENP-C and -E) was performed. CENP antibodies were detected with secondary antibodies: fluoresceinated goat antirabbit (for CENP-B and -C antibodies) and rhodamineconjugated goat antimouse (for CENP-E antibodies).
In situ hybridization and microscopy Slides were washed for 2 min at room temperature in KB". Cells were immediately fixed 10 min in 10% formalin (in KCM buffer), followed by a 10 min rinse in dH 2 O. Slides were then placed in 3:1 methanol/acetic acid for 15 min and either immediately processed for FISH analysis or stored at-20°C until hybridization. FISH was performed based on standard methods. In most cases and for each antibody, a translocalion was independently hybridized with cc-satellite DNA probes appropriate for each centromere involved. This typically yielded green (fluorescein) fluorescent antibody signals and a red (rhodamine) fluorescent a-satellite DNA signal. Slides were dehydrated in 70/80/100% ethanol at room temperature for 2 min each and air-dried. Target DNA was denatured in 70% formamide/2xSSC at 70°C for 8 min and immediately dehydrated in cold 70/ 80/100% ethanol for 2 min each. Probe DNA was denatured in a 70°C waterbath for 10 min and applied to the target area, sealed under a glass coverslip using rubber cement and hybridized overnight at 37°C in a humified chamber. Posthybridization washing at 45°C consisted of 15 min in 55-60% formamide/ 2XSSC, 10 min in 2XSSC and 5-10 min in an optional O.lxSSC wash. After a room temperature wash for 2-5 min in 1 XPBD (ONCOR, Inc., Gaithersburg, MD), the a-satellite probes were detected with rhodamine-conjugated antidigoxygenin or Texas red avidin for 20 min at 37°C. Slides were washed three times for 2 min each in I XPBD. DNA was counterstained with DAPI for 5 min, washed in I XPBD for 2 min and mounted in Antifade. Chromosomes in each case were initially visualized and at least 25 metaphases for each cases scored fluorescence microscopy. Digital images were captured using a confocal microscope and/or Zeiss epifluorescent microscope equipped with a cooled CCD camera (Photometries CH250) controlled by an Apple Macintosh computer. Gray scale source images were captured separately with DAPI. fluorescein and rhodamine filter sets, merged and pseudocolored using Gene Join software (Yale University).
